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Current Status and Future Perspectives on Stem 
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ABSTRACT
Parkinson’s disease (PD) is the second most common neurodegenerative disorder after Alzheimer’s disease, affecting 1%–2% of 
the population over the age of 65. As the population ages, it is anticipated that the burden on society will significantly escalate. 
Although symptom reduction by currently available pharmacological and/or surgical treatments improves the quality of life of 
many PD patients, there are no treatments that can slow down, halt, or reverse disease progression. Because the loss of a specific 
cell type, midbrain dopamine neurons in the substantia nigra, is the main cause of motor dysfunction in PD, it is considered a 
promising target for cell replacement therapy. Indeed, numerous preclinical and clinical studies using fetal cell transplantation 
have provided proof of concept that cell replacement therapy may be a viable therapeutic approach for PD. However, the use of 
human fetal cells remains fraught with controversy due to fundamental ethical, practical, and clinical limitations. Groundbreaking 
work on human pluripotent stem cells (hPSCs), including human embryonic stem cells and human induced pluripotent stem 
cells, coupled with extensive basic research in the stem cell field offers promising potential for hPSC-based cell replacement to be-
come a realistic treatment regimen for PD once several major issues can be successfully addressed. In this review, we will discuss 
the prospects and challenges of hPSC-based cell therapy for PD.
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INTRODUCTION

Parkinson’s disease (PD) is one of the most common and com-
plex neurodegenerative disorders, affecting approximately 0.3% 
of the general population and 1%–2% of the population over the 
age of 65, and its prevalence will double or triple over the next 
few decades as the population of the developed world ages.1-3 The 
aging of the population imposes a substantial socioeconomic 
burden, affecting patients and their families’ quality of life and 
stressing the health care systems supporting them.4-6 One of the 
hallmarks of PD is the progressive loss of dopaminergic neurons 

in the substantia nigra pars compacta (SNpc), leading to dopa-
mine deficiency within the basal ganglia and the appearance of 
classical parkinsonian motor symptoms (e.g., bradykinesia, trem-
or, and rigidity) as well as numerous nonmotor symptoms (e.g., 
depression, constipation, pain, genitourinary problems, and sleep 
disturbances).7,8 Although dopamine-replacement therapy (e.g., 
L-dopa or dopamine agonists) remains a first-line treatment for 
PD and greatly benefits many patients, its therapeutic window 
is limited due to decreasing efficacy and increasing side effects, 
such as dyskinesias.9,10 Surgical therapies have proven success-
ful in mitigating some symptoms of PD.11 Among them, deep 
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brain stimulation (DBS) is commonly used as a nondestructive 
treatment to normalize motor functions of PD patients by mod-
ulating the dysregulated output nuclei of the basal ganglia when 
pharmacological therapy is exhausted.12 Despite its effectiveness, 
there are practical drawbacks to DBS, including higher expenses, 
risk of infection of the implants, erosion and/or migration of im-
planted hardware, and surgical replacement of non-rechargeable 
batteries.13,14 In addition, there are some lingering questions and 
concerns associated with possible side effects of DBS, such as de-
terioration in cognition, speech disturbance, depression, postural 
instability, and significant body mass gain.15-17 Recombinant ade-
no-associated virus (AAV)-based gene therapy is another ongo-
ing nonablative PD therapeutic approach. Recent clinical trials 
with AAV carrying therapeutic genes, such as aromatic-L-amino 
acid decarboxylase (AADC), glucosylceramidase or glial cell line-
derived neurotrophic factor (GDNF), demonstrated the efficacy 
of this approach for PD as well as for other neurological disor-
ders.18,19 Nonetheless, together with DBS, these gene therapy strat-
egies are palliative, and their long-term effects remain unclear. 
Moreover, these therapeutic approaches only offer symptomatic 
treatments, and until now, none of the available treatments have 
been able to slow down, stop, or reverse disease progression. Plu-
ripotent stem cells (PSCs) have two distinguishable character-
istics, self-renewability and pluripotency, allowing them to give 
rise to almost any cell type.20 There are two major types of hu-
man PSCs, human embryonic stem cells (hESCs) and human 
induced pluripotent stem cells (hiPSCs). Due to their unique and 
extraordinary features, both hESCs and hiPSCs have been con-
sidered potential tools for disease modeling and drug discovery 
as well as for cell transplantation approaches.21 Over the past sev-
eral decades, hPSC-derived functional neurons sufficiently match-
ing the identity of endogenous neurons have provided critical 
advances for the treatment of PD.22 In this review, we will discuss 
the background and recent advances in cell replacement thera-
py for PD covering the use of fetal tissue, hESCs, and hiPSCs.

PD AS A PROMISING TARGET DISEASE 
FOR CELL THERAPY

PD is a multifactorial neurodegenerative disorder caused by 
a complicated interplay of aging, genetics, and environmental 
factors.23 The hallmark of PD pathology is a progressive loss of 
A9-type midbrain dopaminergic (mDA) neurons (mDANs) in 
the SNpc together with α-synuclein-containing Lewy bodies and 
Lewy neurites.24,25 The progressive impairment of the nigrostri-
atal dopamine pathway resulting from this loss is believed to be 
responsible for PD’s major motor symptoms. This understand-
ing has led to a new era of cell therapies focusing on replacing 

the lost dopaminergic innervation with dopamine-producing 
cells, including ventral mesencephalic dopamine neurons from 
xenogeneic or aborted human fetal tissues, as a cell source.26-28 
A large body of accumulated data has demonstrated the poten-
tial of fetal cell transplantation to offer significant and long-term 
recovery from PD pathology, providing a “proof-of-concept” for 
cell replacement therapy (Figure 1).29-31 However, ethical and 
practical concerns regarding tissue availability have limited the 
widespread use of aborted fetal tissue for transplantation, spur-
ring the need to develop alternative sources of therapeutic do-
pamine neurons. The availability of hPSCs has led to a resur-
gence of interest in the concept of cell replacement therapy. In 
particular, reprogramming technology to convert human so-
matic cells into induced pluripotent stem cells (iPSCs) allowed 
the production of desired patient-specific cells with standardized 
quality and unlimited quantity without ethical concerns.32,33 Re-
cently, multiple research groups successfully developed direct 
differentiation protocols to generate functional mDAN popula-
tions from hESCs and hiPSCs, leading to successful preclinical 
outcomes using diverse animal models of PD.34,35 Based on ad-
vancements in our understanding of the molecular mechanisms 
of mDA neuronal development, this may allow both hESCs and 
hiPSCs to become standard cell sources of mDA neuronal pro-
duction for transplantation in PD patients. We will discuss the 
bench-to-bedside developments of stem cell therapy for treating 
PD in greater detail below.

DEVELOPING CELL THERAPY  
APPROACHES FOR PD

Mesencephalic fetal cell transplantation as early proof-
of-concept studies–lessons and challenges

The early 1980s open-label study by Lindvall et al.36 first showed 
that transplantation of human fetal mesencephalic dopaminer-
gic neurons obtained from aborted human embryos at 8–9 weeks 
gestational age into the striatum of patients with PD could sur-
vive in the human brain and resulted in significant improvement 
of the severe rigidity, bradykinesia, and fluctuations in the pa-
tient’s condition. This presumably occurred by restoring striatal 
dopaminergic transmission, revealing the promise of cell trans-
plantation therapy using fetal tissues.36 Subsequently, similar 
open-label studies have been undertaken worldwide and have 
shown that some patients gained symptomatic relief and resto-
ration of normal dopamine signaling for up to two decades.37-39 
Several follow-up studies showed postmortem evidence of graft-
ed fetal tissue innervating the host striatum with wide outgrowth 
up to 24 years posttransplantation.40 However, the results of two 
NIH-funded double-blind, sham-controlled clinical trials failed 
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to provide statistically significant improvement, and 18 (32%) of 
56 transplanted patients even developed adverse effects, mostly 
graft-induced dyskinesia of unclear etiology.27,31,41,42 A possible 
explanation for this motor complication came from in vivo im-
aging studies of fetal cell-transplanted patients who experienced 
poor outcomes, showing unregulated dopamine release by co-
grafted serotonergic neurons.27,38,43,44 Although the original en-
thusiasm for this approach was dampened by these unsatisfactory 
clinical outcomes, and a temporal moratorium on fetal cell trans-
plantation was subsequently imposed in the early 2000s, lessons 
learned from these fetal cell transplantation studies suggested 
that advancements in cell therapeutic strategies for PD could have 
the potential to improve patients’ quality of life. In pursuit of this 
idea, multiple groups in this field launched the “G-Force PD” 
consortium to collaborate on the optimal development of stan-
dardized cell transplantation procedures for clinical applica-
tion.45 In line with this, Roger Barker and colleagues initiated a 
new European trial using human fetal ventral mesencephalon 
(fVM) tissues, known as TRANSEURO (www.transeuro.org.uk), 
to develop an efficacious and safe methodology for patients with 

PD.46 Although long-term follow-up studies showed that some 
of the original fetal transplant patients obtained persistent motor 
symptom relief, demonstrating the efficacy of cell transplanta-
tion therapy in the treatment of PD, ethical and practical con-
cerns regarding the use of aborted human fetuses (usually 6–8 
fetuses are required per patient) remain hurdles.34,47,48 In partic-
ular, insufficiency of suitable human fetal tissue resulted in de-
lay or denial of many surgical referrals for severe patients with 
PD in the TRANSEURO study.49 In addition, multiple variable 
factors, such as the maturity and purity of fetuses, cell viability 
between batches, and amounts of grafted cells, highlight the 
need for new sources of authentic and functional human do-
paminergic cells with higher scalability and reliable quality.50

hESC-derived dopamine cells for allogeneic grafting
The critical lessons learned from the clinical application of 

fVM cells prompted investigators to explore alternative cell sourc-
es, including diverse stem cell types with the capacity to differ-
entiate into multiple cell lineages. A wide range of stem cell types 
has been identified and extensively characterized in vitro and in 

Fetal ventral 
mesencephalon

6–9 weeks old
mixed cells

hESC

mDAP

PD patient

Patient’s somatic cells

hiPSC

Donor’s somatic cells

Allogeneic graft

Autologous graft

Blastocyst Random donor HLA-matched donor

Figure 1. Comparison of potential cell sources for cell replacement therapy for Parkinson’s disease (PD). Transplantation of fetal ventral 
mesencephalon cells obtained from 6–9 weeks-old aborted human embryos provided proof of concept in support of cell replacement thera-
py for PD. However, the use of aborted human embryos raised ethical and practical concerns. Human embryonic stem cells (hESC) are an 
alternative and renewable cell source for producing mDAPs, but suffer from the risk of accumulation of deleterious mutations associated 
with long-term maintenance and require immunosuppression to prevent graft rejection. Human induced pluripotent stem cells (hiPSC) de-
rived from either random- or HLA-matched donor cells can be selected based on quality assessment (e.g., free from tumorigenicity or toxic-
ity) and used as a universal source for treating PD patients although subject to immunosuppression regimen. While hiPSCs derived from 
patient’s somatic cells may be an optimal cell source, allowing autologous cell transplantation without any immune rejection issues, it re-
quires additional time and expense. mDAP, mDA progenitor; HLA, human leukocyte antigens.
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vivo. The isolation and establishment of mouse embryonic stem 
cells (ESCs) in 1981 revolutionized biological research and at-
tracted particular interest due to their indefinite self-renewal and 
pluripotent differentiation potential, with the capability to gen-
erate any cell type of the body.51,52 Subsequently, Thomson et al.53 
first established hESC lines from human blastocysts, and this 
new scalable cell source as a replacement for fetal tissue prompted 
a new era of translational research toward clinical application.54 
Given the expectation that mouse and human mDANs follow 
largely similar developmental steps and respond to similar fac-
tors, translation of the knowledge gained from mouse ESC dif-
ferentiation studies to human ESCs led to rapid success in pre-
clinical studies using PD xenograft models.34,55 Earlier studies 
mainly relied on the use of dopamine-specific morphogens and 
growth factors (e.g., SHH, FGF8, BDNF, GDNF, and dbcAMP) 
and coculture methods using mouse stromal cell lines, includ-
ing PA6 and immortalized human fetal midbrain astrocytes, to 
induce mDANs from hESCs, but this approach was hampered 
by a high level of variation within and between studies due to 
poorly defined culture conditions.56-58 With the idea that both 
WNT1-LMX1A and SHH-FOXA2 autoregulatory loops are 
crucial for the specification and differentiation of mDANs dur-
ing embryonic development.59-61 and that midbrain floor plate 
cells display characteristics of radial-glial-like progenitors that 
give rise to mDANs,62,63 Lorenz Studer’s group developed a small 
molecule-based dual SMAD inhibition protocol in conjunction 
with dual activation of both WNT and SHH signaling pathways 
at the early stage of hPSC in vitro differentiation. This model 
resulted in the midbrain-floor-plate-based induction of func-
tional mDANs with therapeutic potential.64,65 Some representa-
tive protocols are shown in Figure 2. These protocols are capable 
of producing tyrosine hydroxylase (TH)-positive mDANs in vi-
tro, as evidenced by their expression of FOXA2, LMX1A, PITX3, 
NURR1, EN-1, and the dopamine transporter. Moreover, it is 
noteworthy that multiple studies by different research groups 
demonstrated that hESC-derived mDANs displaying A9 char-
acteristics repair the damaged nigrostriatal circuitry and thus re-
store motor deficits in animal models of PD.66-68 At the time of 
writing, there were four registered clinical trials using hESC-de-
rived dopamine cells or human parthenogenetic neural stem cells 
as the allogeneic cell source for transplantation therapy (Table 
1).47,69-71 Among these, Wang et al.70 launched the first clinical 
trial using hESCs in 2017 (NCT03119636). Based on recent pre-
clinical animal studies, Studer’s group in the US developed a 
phase 1 clinical trial to determine the safety and efficacy of al-
logeneic WA09 hESC-derived mDA progenitors (mDAPs) (MSK-
DA01) for treating advanced PD patients (NCT04802733).71,72 
In 2017, Malin Parmar’s group in Sweden have also planned to 
initiate a European clinical trial (the STEM-PD trial) using allo-

geneic mDAPs derived from human ESCs (EudraCT 2021-
001366-38).47 Despite the potential benefit of using hESCs for 
cell replacement therapy, these hESC-derived cells together with 
fetal tissues are allogeneic and require immunosuppression to 
avoid graft rejection. Due to the increased risk of infections and 
side effects, such as the development of malignancies, the con-
dition and duration of immunosuppression remain controver-
sial, and the potential harmful effects are to be defined.73,74

hiPSC-derived dopamine cells for autologous/ 
allogeneic grafting

In 2006, Takahashi and Yamanaka first reported their ground-
breaking work showing that they could revert terminally differ-
entiated mouse somatic cells into an ESC-like state, henceforth 
referred to as “induced pluripotent stem cells”.75 Soon after this 
study, Yamanaka’s group and two other groups successfully gen-
erated hiPSCs from human somatic cells using the same or simi-
lar sets of reprogramming factors,76-78 offering the unprecedented 
possibility of generating patient-specific hiPSCs free of ethical 
concerns associated with the destruction of human embryos to 
obtain human ESCs. The advent of hiPSC technology has ush-
ered an exciting new era for the fields of stem cell biology and 
regenerative medicine and also offers a useful platform for hu-
man ‘disease in a dish’ models and drug discovery.79-81 Given that 
the use of primary cells present in pathological conditions is highly 
limited due to insufficient expandable cellular sources, particu-
larly hard-to-access cells such as brain cells and heart cells from 
patients, hiPSCs serve as an attractive cell source for disease 
modeling since they can be derived from easily accessible cell 
sources, such as skin fibroblasts, blood cells and urinary tract 
cells.33 In addition, iPSC technology paved the way for patient-
specific hiPSCs to generate target cells that are genetically iden-
tical to the graft recipient, allowing for autologous cell therapies 
for intractable diseases and injuries by evading immune-medi-
ated rejection.82 Furthermore, research in nonhuman primates 
demonstrated that mDANs derived from autologous iPSCs elicit 
a minimal immune response in the host brain compared to those 
from allogeneic iPSCs.83 Despite its short history, the therapeutic 
benefits of using autologous hiPSC-based personalized cell ther-
apy are apparent. The first clinical trial to evaluate the potential 
of autologous hiPSC-derived cells was initiated by a Japanese 
group in 2014.84 Mandai et al.84 first performed transplantation 
of retinal pigment epithelium (RPE) derived from autologous 
hiPSCs into a patient with advanced neovascular age-related 
macular degeneration under the retina, and the treatment was 
reported to improve the patient’s vision, proving the potential 
of autologous cell therapy. At the time of writing, 3 clinical tri-
als have been conducted using hiPSC-derived cells to treat pa-
tients with PD (Table 1). Among these, a pioneering case report, 
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Schweitzer et al.85 recently presented a milestone in autologous 
cell replacement therapy, as they showed the feasibility of autol-
ogous transplantation of mDAPs derived from a PD patient-spe-
cific hiPSC (IND17145).86-88 Moreover, another clinical trial test-
ing the efficacy of the administration of autologous neural stem 
cells to patients with PD was initiated in 2019 (NCT03815071). 
However, the time-consuming laborious process and high cost 
for establishing and characterizing patient-specific hiPSCs are 
considered big hurdles that should be addressed for personal-
ized autologous cell replacement therapy. It is estimated to cost 
approximately $800,000 to treat one patient with an autologous 
iPSC-derived cell product.89 One possibility to overcome these 
limitations is the use of allogeneic iPSC-based “off-the-shelf” cell 

therapies. These human leukocyte antigens (HLA)-matched cell 
products can be established from healthy donors sharing the 
most common HLA types and thus can target large patient pop-
ulations, which will significantly reduce the time and cost of each 
treatment.90 In addition, cryopreservation enables rigorous pre-
clinical studies to establish batch-specific efficacy of hiPSC-de-
rived cell products that are to be transplanted into humans.91,92 
Furthermore, critical safety issues, including tumorigenic po-
tential, off-target effects, and compatibility with surgical deliv-
ery devices, can be addressed through evaluation of the quality 
of cryopreserved mDAPs before clinical trials.93 In line with this, 
Takahashi94 in Japan initiated a single-arm, nonrandomized, 
open label phase 1/2 study to evaluate the safety and efficacy of 

Figure 2. Schematic diagrams of representative differentiation protocols to generate mDA progenitors (mDAPs). Despite significant differ-
ences in specific chemicals, their concentrations, culture media, and supplements, all these protocols aim to activate both the WNT1-
LMX1A and SHH-FOXA2 autoregulatory loops and inhibit dual SMAD signaling (regulated by BMP and/or TGFβ). Numbers represent con-
centrations in ng/mL, and those in parentheses show μM. The red and blue ovals represent time points for dissociation and transplantation 
steps of cell products, respectively. NB, neurobasal medium; SB, SB431542; SHH, sonic hedgehog; CHIR, CHIR99021; FGF8, fibroblast 
growth factor 8; dbcAMP, dibutyryl cyclic adenosine monophosphate; BDNF, brain-derived neurotrophic factor; AA, ascorbic acid; NEAA, 
non-essential amino acid; ITS-A, insulin-transferrin-selenium-sodium pyruvate; LDN, LDN193189; PMN, purmorphamine; GDNF, glial cell 
line-derived neurotrophic factor; TGFβ3, transforming growth factor beta 3; KSR, knockout serum replacement; β-ME, β-mercaptoethanol; 
L-glu, L-glutamine; DMH1, dorsomorphin homolog 1; QC, quercetin; SAG, smoothened agonist; PLO, poly-L-ornithine; FN, fibronectin; 
MEF, mouse embryonic fibroblast.

Laminin-111

Pa
rm

ar
 (K

irk
eb

y 
 

et
 a

l.,
12

8  2
01

7)
Pa

ris
h 

(G
an

tn
er

  
et

 a
l.,

12
3  2

02
0)

Ta
ka

ha
sh

i (
D

oi
  

et
 a

l.,
90

 2
02

0)
Ki

m
 (S

on
g 

et
 a

l.,
10

3  
20

20
)

Zh
an

g 
(X

io
ng

  
et

 a
l.,

67
 2

02
1)

St
ud

er
 (K

im
 e

t a
l.,

68
 

20
21

)

Day

Laminin-521

Floating in U-shaped 96 well

PLO/FN/LamininSpots on Matrigel

Laminin-511-E8

MEF feeder

Geltrex PLO/FN/Laminin

Floating (Neurosphere) Matrigel (coverslip) for in vitro



Stem Cell-Based Transplantation Therapies for PD
Cha Y, et al.

www.e-jmd.org  27

Ta
bl

e 
1.

 L
is

t o
f c

lin
ic

al
 tr

ia
ls

 u
si

ng
 fe

ta
l t

is
su

e 
or

 p
lu

rip
ot

en
t s

te
m

 c
el

l-d
er

iv
ed

 m
D

A 
ce

lls

C
el

l s
ou

rc
e

Ti
tle

C
ou

nt
ry

Sp
on

so
r

C
el

l 
nu

m
be

rs
Im

m
un

e 
m

at
ch

in
g

Ph
as

e
St

at
us

 (n
um

be
r 

of
 p

ar
tic

ip
an

ts
)

Tr
ia

l 
st

ar
t

C
lin

ic
al

 tr
ia

l I
D

R
ef

er
en

ce

Ab
or

te
d 

hu
m

an
 fe

ta
l t

is
su

e

H
um

an
 fV

M
  

  �t
is

su
e 

 
(T

R
AN

SE
U

R
O

)

An
 o

pe
n 

la
be

l s
tu

dy
 to

 a
ss

es
s 

th
e 

 
  �s

af
et

y 
an

d 
ef

fic
ac

y 
of

 n
eu

ra
l  

al
lo

-tr
an

sp
la

nt
at

io
n 

w
ith

 fe
ta

l v
en

tra
l  

m
es

en
ce

ph
al

ic
 ti

ss
ue

 in
 p

at
ie

nt
s 

 
w

ith
 P

ar
ki

ns
on

’s
 d

is
ea

se

Eu
ro

pe
U

ni
ve

rs
ity

 o
f  

  C
am

br
id

ge
> 

3 
fV

M
  

  �(
6–

8 
w

ee
ks

  
ag

ed
)  

im
pl

an
ts

  
pe

r s
id

e

Al
lo

ge
ne

ic
,  

  n
on

-m
at

ch
ed

Ph
as

e 
I

In
 fo

llo
w

-u
p 

(1
1)

20
12

N
C

T0
18

98
39

0
Ba

rk
er

 a
nd

  
  �T

R
AN

SE
U

R
O

  
co

ns
or

tiu
m

, 49
 

20
19

H
um

an
 fV

M
  

  �n
eu

ra
l  

pr
ec

ur
so

rs

In
ve

st
ig

at
or

 c
lin

ic
al

 tr
ia

l f
or

 e
va

lu
at

io
n  

  �o
f s

af
et

y 
an

d 
to

le
ra

bi
lit

y 
af

te
r  

tra
ns

pl
an

ta
tio

n 
of

 fe
ta

l  
m

es
en

ce
ph

al
ic

 d
op

am
in

e 
 

ne
ur

on
al

 p
re

cu
rs

or
 c

el
ls

 in
 p

at
ie

nt
s 

 
w

ith
 P

ar
ki

ns
on

’s
 d

is
ea

se

Ko
re

a
Bu

nd
an

g 
 

  �C
H

A 
H

os
pi

ta
l

N
/A

Al
lo

ge
ne

ic
,  

  n
on

-m
at

ch
ed

Ph
as

e 
 

  I
/II

R
ec

ru
iti

ng
 (1

5)
20

13
N

C
T0

18
60

79
4

N
/A

hE
SC

s 
or

 N
SC

s

Pa
rth

en
og

en
et

ic
  

  h
N

SC
s

A 
si

ng
le

 a
rm

, o
pe

n-
la

be
l p

ha
se

 1
  

  �s
tu

dy
 to

 e
va

lu
at

e 
th

e 
sa

fe
ty

 a
nd

  
to

le
ra

bi
lit

y 
of

 IS
C

-h
pN

SC
 in

je
ct

ed
  

in
to

 th
e 

st
ria

tu
m

 a
nd

 s
ub

st
an

tia
  

ni
gr

a 
of

 p
at

ie
nt

s 
w

ith
 P

ar
ki

ns
on

’s
  

di
se

as
e

Au
st

ra
lia

C
yt

o 
 

  T
he

ra
pe

ut
ic

s
15

–3
5 

M
 p

er
  

  s
id

e
Al

lo
ge

ne
ic

,  
  n

on
-m

at
ch

ed
Ph

as
e 

I
Ac

tiv
e,

 n
ot

  
  r

ec
ru

iti
ng

 (1
2)

20
16

N
C

T0
24

52
72

3
G

ar
ita

on
an

di
a 

 
  e

t a
l.,

69
 2

01
6

Pa
rth

en
og

en
et

ic
  

  �h
ES

C
-d

er
iv

ed
  

N
PC

s

A 
ph

as
e 

I/I
I, 

op
en

-la
be

l s
tu

dy
 to

  
  �a

ss
es

s 
th

e 
sa

fe
ty

 a
nd

 ff
fic

ac
y 

of
  

st
ria

tu
m

 tr
an

sp
la

nt
at

io
n 

of
 h

um
an

  
em

br
yo

ni
c 

st
em

 c
el

ls
-d

er
iv

ed
 n

eu
ra

l  
pr

ec
ur

so
r c

el
ls

 in
 p

at
ie

nt
s 

w
ith

  
Pa

rk
in

so
n’

s 
di

se
as

e

C
hi

na
C

hi
ne

se
  

  �A
ca

de
m

y 
of

  
Sc

ie
nc

es

2 
M

 p
er

 s
id

e
Al

lo
ge

ne
ic

,  
  �H

LA
-m

at
ch

ed
  

an
d 

 
no

n-
m

at
ch

ed

Ph
as

e 
I

U
nk

no
w

n 
(5

0)
20

17
N

C
T0

31
19

63
6

W
an

g 
et

 a
l.,

70
  

  2
01

8

hE
SC

-d
er

iv
ed

  
  �m

D
AP

s 
 

(M
SK

-D
A0

1)

Ph
as

e 
1 

sa
fe

ty
 a

nd
 to

le
ra

bi
lit

y 
st

ud
y 

 
  �o

f M
SK

-D
A0

1 
ce

ll 
th

er
ap

y 
fo

r  
ad

va
nc

ed
 P

ar
ki

ns
on

’s
 d

is
ea

se

U
SA

W
ei

ll 
C

or
ne

ll/
 

  �M
em

or
ia

l  
Sl

oa
n 

Ke
tte

rin
g/

 
Bl

ue
R

oc
k 

 
Th

er
ap

eu
tic

s

0.
9–

2.
7 

M
  

  p
er

 s
id

e
Al

lo
ge

ne
ic

,  
  n

on
-m

at
ch

ed
Ph

as
e 

I
R

ec
ru

iti
ng

 (1
2)

20
21

N
C

T0
48

02
73

3
Pi

ao
 e

t a
l.,

71
  

  2
02

1

hE
SC

-d
er

iv
ed

  
  �m

D
AP

s 
 

(S
TE

M
-P

D
)

ST
EM

-P
D

 tr
ia

l: 
A 

m
ul

tic
en

tre
,  

  �s
in

gl
e 

ar
m

, fi
rs

t i
n 

hu
m

an
,  

do
se

-e
sc

al
at

io
n 

tri
al

, i
nv

es
tig

at
in

g 
 

th
e 

sa
fe

ty
 a

nd
 to

le
ra

bi
lit

y 
of

  
in

tra
pu

ta
m

en
al

 tr
an

sp
la

nt
at

io
n 

of
  

hu
m

an
 e

m
br

yo
ni

c 
st

em
 c

el
l d

er
iv

ed
  

do
pa

m
in

er
gi

c 
ce

lls
 fo

r P
ar

ki
ns

on
’s

  
di

se
as

e 
(S

TE
M

-P
D

 p
ro

du
ct

)

Sw
ed

en
,  

  U
K

Lu
nd

 U
ni

ve
rs

ity
/ 

  �C
am

br
id

ge
  

U
ni

ve
rs

ity

1–
2 

M
 p

er
  

  s
id

e
Al

lo
ge

ne
ic

- 
  n

on
-m

at
ch

ed
Ph

as
e 

I/I
I

In
 p

la
nn

in
g 

(8
)

Ex
pe

ct
ed

  
  i

n 
20

22
Eu

dr
aC

T-
20

21
- 

  0
01

36
6-

38
Ki

rk
eb

y 
et

 a
l.,

47
  

  2
01

7



28

J Mov Disord  2023;16(1):22-41

allogeneic hiPSC-derived cryopreserved mDAPs (with variable 
degrees of HLA matching to the hosts) for the treatment of seven 
patients with PD in 2018 (Kyoto trial) (UMIN000033564).94 How-
ever, these allogeneic cell transplantations require patients to re-
ceive immunosuppressant medications to prevent possible im-
mune rejection by the recipients.

CRITICAL FACTORS TO BE CONSIDERED 
FOR CLINICAL USE OF hPSC-DERIVED 
mDAPs

Advances in our understanding of human PSC research have 
allowed the establishment of a greater pool of hiPSC lines and 
NIH-registered hESC lines with diverse genetic backgrounds 
that can be easily accessed and distributed to researchers, help-
ing to accelerate the development of therapies across disease ar-
eas.95 Currently, PSC-derived mDAP transplantation is a widely 
accepted therapeutic modality to restore motor and nonmotor 
functions in patients with damaged dopamine systems.93 How-
ever, despite efforts to establish general guidelines for mDA neu-
ronal differentiation of hPSCs, the concerning lack of reproduc-
ibility and consistency among different laboratories has restricted 
the potential of hPSC-based cell therapies for PD to restore the 
function of mDANs.96,97 To fully realize the potential of hPSC-
based cell therapy for PD, both the safety and efficacy of trans-
planted cells should be consistent. There are some critical issues 
for the application of hPSC-derived mDAPs as universal thera-
peutic approaches for treating patients with PD, as described 
below:

Autologous stem cells vs. allogeneic stem cells as initial 
cell sources

In general, all cell products intended for clinical use as a long-
term treatment for patients with PD require a level of safety much 
greater than that for cells used for developmental and mecha-
nistic studies. The safety of the cell sources for transplantation 
should be principally ensured by avoiding the use of potentially 
harmful viral agents and genetic materials that can integrate or 
disrupt host physiology. The first step for cell transplantation 
therapy is identifying and choosing a good source of stem cells, 
which requires considering a number of factors, including the 
genomic integrity of hPSCs.98 The use of well-characterized hESC 
lines, such as the WA09 hESC line, may be good for the purpose 
of allogeneic cell transplantation since those cell lines have been 
used and well characterized by numerous researchers for both 
basic and preclinical studies over two decades. Nevertheless, given 
that PSCs accumulate 3.5 ± 0.5 base mutations per genome per 
population doubling, prolonged in vitro culture of these hESC Ta
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lines can result in genetic aberrations, including recurrent chro-
mosomal abnormalities and point mutations in cancer-related 
genes found in human malignant tumors.99-101 Specifically, TP53, 
a well-known tumor suppressor gene, is the most mutated gene 
in WA09 hESCs, with four individual mutations (P151S, R181H, 
R248Q, and R267W), conferring a strong selective growth ad-
vantage to mutant cells.102 Compared to hESCs, patient-derived 
hiPSCs at early passages are free from any somatic mutation is-
sues caused by prolonged in vitro culturing and thus are suit-
able for mDAP generation for autologous cell therapy for PD 
patients.103 In addition, of the nonintegrating reprogramming 
methods, the use of synthetic mRNA or Sendai virus to date rep-
resents the most advanced approaches allowing the generation 
of clinical-grade hiPSCs more efficiently at earlier passage num-
bers (< 10 passages) from patients’ own cells, thus accelerating 
the production of suitable derivatives.104-106 Furthermore, using 
a patient’s own hiPSCs for autologous stem cell transplantation 
eliminates the risk of tissue rejection.107 This has been verified by 
Su-Chun Zhang and colleagues, who transplanted autologous 
iPSC-derived mDAPs back into the brains of donor parkinso-
nian monkeys. They reported that monkeys receiving autolo-
gous mDAPs, but not allogeneic mDAPs, showed significant 
long-term improvement in both motor and nonmotor functions 
without immunosuppression, demonstrating the feasibility of 
autologous cell therapy for PD.108,109 However, for autologous 
iPSC-based cell therapy, there are still key issues that should be 
considered. Among them, the transplantation of iPSC-derived 
mDANs could predispose the patient to further neurodegener-
ation if the cells retain the intrinsic genetic defects giving rise to 
the condition.110 Although genome editing techniques, such as 
zinc finger nucleases, transcription activator-like effector nu-
cleases or clustered regularly interspaced short palindromic re-
peats (CRISPR)-CRISPR-associated 9 systems, are available to 
correct patients’ mutated genes, off-target effects and mosaic 
mutations remain hurdles that need to be addressed before this 
approach reaches clinical application.111 Moreover, the time- and 
cost-intensive efforts in generating iPSCs from donor cells and 
differentiating them into functional mDANs for transplantation 
are other drawbacks of autologous cell therapy. To overcome 
these limitations, there have been continuous efforts to utilize 
HLA-matched, allogeneic hiPSCs as a universal source to reduce 
immunogenicity risks in recipients with a minimal requirement 
for immunosuppression.112-114 For instance, Taylor et al.112 estab-
lished an iPSC bank from 150 selected homozygous HLA-typed 
donors that matched approximately 93% of the United Kingdom 
population with a minimal requirement for immunosuppres-
sion.112 Shinya Yamanaka’s and Jun Takahashi’s groups are also 
conducting an iPS cell stock project to establish an allogeneic 
iPSC bank covering approximately 90% of Japan’s population 

for treatment purposes.115,116

Derivation of proper dopamine cell type for 
transplantation

Selective generation of specific mDA neuronal populations 
from hPSCs is another issue to be considered for clinical appli-
cation of hPSC derivatives for patients with PD. Based on their 
molecular and electrophysiological properties, mDANs have 
been categorized into three distinct anatomical clusters: the ret-
rorubral field (RrF, also known as the A8 group), the SNpc (also 
known as the A9 group), and the ventral tegmental area (VTA, 
also known as the A10 group). Approximately 200,000–420,000 
TH+ dopamine neurons reside bilaterally in the SNpc of adult 
humans, and 60,000–65,000 TH+ dopamine neurons reside bi-
laterally in the VTA.117,118 Of these subtypes, the A9 SNpc dopa-
mine neurons are mostly affected and are responsible for many 
PD motor features, while other subtypes of neurons are less af-
fected. Although several variant protocols for inducing mDANs 
have been developed from the concept of dual SMAD inhibition 
that activates both WNT and SHH signaling pathways to pre-
vent the differentiation of hPSCs into meso/endodermal lineag-
es, these methods are still not completely free from drawbacks 
arising from contamination with other neural types, including 
GABAergic, cholinergic and serotonergic neurons that are not 
relevant in PD.119,120 The presence of large numbers of serotoner-
gic neurons as part of heterogeneous cell populations to be trans-
planted can cause adverse side effects, such as graft-induced 
dyskinesia.43 Therefore, a key question is how we can generate 
homogenic A9-type dopamine neurons from hPSCs with full 
potential to reinnervate the host brain and rescue motor and 
nonmotor deficits in recipients. Many recent efforts have been 
devoted to optimizing mDA neuronal differentiation from hPSCs 
by optimizing culture conditions.34 For instance, diverse studies 
have explored different concentrations of CHIR99021 (CHIR), 
an activator of WNT signaling, to induce mDANs. An initial 
study by Kriks et al.65 suggested that 3 μM CHIR induces mDANs, 
while Kirkeby et al.121 and Xi et al.122 reported that 0.4–0.7 μΜ 
CHIR was optimal for the specification of mDANs and that a 
higher CHIR concentration (> 1 μM) promoted differentiation 
into hindbrain neurons. In contrast, Gantner et al.123 recently 
showed that lower CHIR concentrations (<1.0 μM) produced 
OTX2 and FOXA2 double-positive forebrain dopamine neu-
rons, while higher concentrations of CHIR (2.5 μM) efficiently 
produced mDANs. In a more recent study, Studer’s group report-
ed that the optimal concentration of CHIR for inducing mDANs 
may vary based on media components used in the differentia-
tion process and that biphasic activation of the WNT signaling 
pathway by treating cells with different CHIR concentrations 
(initially 0.7 μM between Days 0 and 4; 7.5 μM between Days 4 
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and 10; 3 μM from Day 10) can improve mDA neuronal deriva-
tion.68 Moreover, collaboration studies between Jun Takahashi’s 
and Parmar’s groups adopted a flow cytometry-based sorting 
technique to obtain CORIN-positive mDAPs with enhanced 
purity from a heterogeneous population of in vitro differentiated 
cells and demonstrated significant motor recovery without dys-
kinesia or tumor formation after transplantation in PD animal 
models.124,125 However, despite this progress, there are still huge 
variations in efficacy and adverse effects seen with grafted cells; 
thus, there is demand for developing a fully optimized and stan-
dardized procedure for testing the functional efficacy of the re-
sulting mDAPs for broader application. In addition, as most 
current in vitro protocols produce approximately equal ratios 
of A9- and A10-type mDANs from hPSCs, it is unclear wheth-
er improved purity of A9-type mDANs would improve clinical 
outcomes in transplanted PD patients. Consequently, the proper 
concentrations of CHIR and other neurotrophic factors (e.g., 
BDNF and GDNF) should be optimized for individual culture 
conditions to generate authentic mDAPs. Another critical fac-
tor for the clinical application of hPSC-derived mDAPs is the 
identification of the ideal cell stage of differentiation to be used. 
As progressive loss of mDANs in the SNpc is responsible for PD 
pathogenesis, it is logical to transplant fully differentiated mDANs 
to replace those that are lost. Several groups have shown the 
feasibility of this approach: Studer’s group reported that human 
ESC-derived mDANs were efficiently engrafted in mouse, rat, 
and rhesus monkey models of PD.65 Ole Isacson and colleagues 
have shown that unilateral engraftment of autologous iPSC-de-
rived dopamine neurons on Day 49 results in a gradual onset 
of functional motor improvement and increased motor activity 
in a nonhuman primate model of PD.126 However, a study by 
Chung demonstrated that Otx2+Corin+ floorplate progenitors 
were also capable of generating functional TH+ dopamine neu-
rons in vivo following transplantation into the mouse striatum 
and significantly improved behavioral dysfunction in 6-OHDA-
lesioned mouse models.127 Furthermore, since transplantation of 
early-stage cells can cause teratoma formation, while later-stage 
cells exhibit poor survival outcomes in the host brain,34 it is im-
perative to determine the ideal cell stage among floorplate pro-
genitors, mDAPs, and fully differentiated mDANs. As shown in 
Figure 2, recent representative studies have tested the efficacy 
of mDAPs following in vitro differentiation of hPSCs for 16–32 
days when the cells express conventional mDAP markers, such 
as FOXA2, LMX1A, CORIN or OTX2. Both Studer’s group,68 
and Parmar’s group91,128 showed the in vivo efficacy of differen-
tiating mDAPs to Day 16 despite their different culture condi-
tions, whereas Su-Chun Zhang’s group108 produced mDAPs as 
floating cell aggregates until transplantation at Day 32 of differ-
entiation to determine the in vivo efficacy of grafted cells in host 

brains. A recent study by Hiller et al.129 demonstrated a superior 
efficacy of Day 17 mDAPs compared with Day 24 immature neu-
rons or Day 37 postmitotic neurons in 6-OHDA-treated rats, as 
evidenced by the numbers of surviving neurons, innervation, 
and functional recovery. Therefore, broad comparative analysis 
of different media compositions (e.g., basal media, supplements, 
morphogens, small molecules, and their concentrations and tim-
ing) across these protocols should be thoroughly conducted to 
advance our understanding of mDA neuronal development and 
establish a “gold standard” protocol for the induction of clinically 
applicable mDAPs with optimal therapeutic potentials for PD.

Optimal cell number
Determining the optimal cell number to be implanted is an 

additional critical factor that should be considered for cell trans-
plantation therapy for PD because this may vary depending on 
cell type and viability, administration route, and degree of symp-
tomatic relief. Several preclinical studies have shown functional 
recovery in animal models of PD with transplanted mDANs us-
ing different conditions (Table 2).47,65,70,71,90,92,103,125,130-137 The les-
son learned from various previous studies using dopamine neu-
rons derived from human fetal tissues or PSCs is that even a 
single round of transplantation could be sufficient for long-
term survival and functional outcomes.138 Although there is no 
current consensus on the optimal number of cells for treating 
humans, based on the findings from human fetal cell transplan-
tation studies, approximately 40,000–80,000 TH+ mDANs with 
a unidirectional axonal architecture of ≥ 3–5 cm in length and 
dopamine release of ≥ 7 ng/mg of tissue may be required to 
achieve meaningful clinical improvements in PD patients.139 
Since the majority of grafted dopamine neurons die within a 
week posttransplantation,140 to compensate for this severe loss 
and provide an adequate number of functional dopamine neu-
rons capable of replacing damaged cells in the brain, transplan-
tation of an excess number of cells appears to be needed. In line 
with this idea, a first case report of autologous hiPSC-based ther-
apy for a single patient with PD demonstrated that injection of 
4 million mDAPs derived from autologous hiPSCs into the stri-
atum of a patient with progressive idiopathic PD restored the 
deteriorated motor functions without any adverse events related 
to the intervention at 18–24 months after implantation.85 In ad-
dition, in the ongoing phase 1/2 clinical trial (UMIN000033564), 
Takahashi et al.94 used approximately 5 million cells per patient, 
split into three tracts per side, and each tract was divided into 
4 delivery points receiving 200,000 cells for a total of 12 points 
per side. In addition to optimizing the total cell number to be 
delivered, an optimal concentration of cells should be determined 
since, at high concentrations (≥ 100,000 cells/μL), the solution 
becomes viscous and may cause needle clogging and uneven 
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injection flow or lead to low cell survival due to limited oxygen 
and nutrient diffusion.141 Moreover, a maximum cell concentra-
tion within a certain volume can also vary widely with respect 
to different cell sizes. In terms of continuous efforts to enhance 
the survival and stable integration of grafted mDAPs, several 
studies have been proposed to administer recombinant growth 
factors, including GDNF, neurturin (NTN), and platelet-derived 
growth factor. For instance, a recent study by Gantner et al.136 
demonstrated that transgenic overexpression of GDNF within 
the host brain significantly promoted the maturation, plasticity, 
and functional integration of grafted cells in a rodent model of 
PD, demonstrating the potential of neurotrophic gene therapy 
strategies to improve outcomes of grafted hPSC derivatives.

Safety of hPSC-derived cell grafts
The potential tumorigenicity risk from undifferentiated PSCs 

among transplanted cells is one of the major concerns associated 
with translational stem cell therapy.142 Somewhat surprisingly, 
even in the first clinical trial of autologous RPE cells by Mandai 
et al.,84 residual undifferentiated hiPSCs that may retain the 
potential for teratoma formation were detected in transplanted 
patients.84 Therefore, it is imperative to establish safe and effec-
tive mechanisms to detect any residual undifferentiated cells 
with tumorigenic potential and remove those cells from the 
transplantable cell population. A fluorescence-activated cell 
sorting strategy using antibodies against specific undifferenti-
ated hPSCs or authentic mDAP surface markers is a powerful 
option to obtain a pure population of transplantable cells. As 
mentioned above, both Jun Takahashi’s and Malin Parmar’s 
groups adopted a surface marker-based cell purification step to 
enhance the purity of cell products and reduce the risk of tumor 
formation before grafting.124,125 Furthermore, other efforts were 
made to completely avoid any possible contamination with un-
differentiated cells. Notably, two groups have identified small 
molecules that can selectively eliminate undifferentiated hPSCs 
without interfering with differentiation capabilities.143,144 Ben-
David et al.143 identified 15 pluripotent cell-specific inhibitors 
through a high-throughput screen of over 52,000 small mole-
cules and further identified an inhibitor of stearoyl-CoA desat-
urase as the most efficient small molecule for preventing tera-
toma formation from tumorigenic undifferentiated cells. In 
addition, using a different strategy, Lee et al.144 reported that two 
anti-apoptotic genes, BIRC5 and BCL10, are highly enriched in 
hPSCs and that quercetin and YM155 can selectively eliminate 
undifferentiated hPSCs by inhibiting the expression of BIRC5, 
suggesting a potential small molecule-based strategy for con-
trolling the safety of stem cell therapy for PD. Moreover, a more 
recent study by de Luzy et al.145 demonstrated the feasibility of 
a suicide gene-based system (e.g., thymidine kinase linked to cy-

clinD1) to selectively ablate proliferating undifferentiated cells, 
leading to improved safety and purity of hPSC-derived grafts in 
a rat model of parkinsonism. However, the potential risk of si-
lencing/mutation of the suicide gene or loss of heterozygosity in 
donor cells can limit the ability of this suicide-based technolo-
gy; thus, further study will be required to improve the use of this 
suicide system with context-dependent attention.

Immune response to grafted cells
The possibility of grafted-cell/tissue rejection by the host im-

mune response is another major obstacle and concern in stem 
cell-based transplantation for PD. As briefly mentioned above, 
the host immune response is one of the major hurdles impact-
ing allogeneic cell transplantation, which is fundamentally dif-
ferent from autologous transplantation. Although the brain has 
been considered an “immune-privileged” organ, in a humanized 
mouse model, immune rejections to HLA-mismatched mDAP 
(C4-hu+H9-mDAP, K1-hu+C4-mDAP) grafts have been re-
ported.85 Since the integrity of the blood–brain barrier is dam-
aged by the surgical procedure, it compromises the immune-
privileged status of the host brain and potentially triggers the 
entry of immune cells, thus requiring immunosuppressive reg-
imens to prevent graft rejection and promote cell survival and in-
nervation.93,146 Although somatic cell nuclear transfer-derived 
ESCs (SCNT-ESCs), as an autologous cell source for cell therapy, 
may constitute an attractive alternative to overcome the limita-
tion associated with allogeneic ESC-derived cells, this approach 
is also not entirely free from ethical and immunogenic limita-
tions because SCNT-ESCs acquire mitochondria from the oocyte 
donor, which may induce alloimmunity after transplantation.147 
One possible solution to avoid or reduce the immune rejection 
issue of grafted cells is to generate hiPSC lines from common 
HLA-homozygous donors.148 Since HLA plays a key role in self/
nonself-recognition and discrimination against foreign anti-
gens, the HLA-matching hiPSC-based approach allows the im-
mune system of the recipient to recognize the transplanted cells 
as a part of its own body and minimizes the risk of tissue rejection 
postimplantation.149 In line with this, there are rising attempts 
to establish hPSC banks worldwide. As mentioned above, Ya-
manaka’s and Jun Takahashi’s groups estimated that hiPSC lines 
derived from approximately 140 unique HLA-homozygous do-
nors would be sufficient to cover up to 90% (up to 160,000 in-
dividuals) of the Japanese population,115,116 assuming allografts 
using HLA-homozygous iPSCs as a therapeutic alternative to 
autologous grafts. Based on genetically diverse populations in 
the United States, large-scale hPSC banks are currently being 
established to cover a large percentage of the population, includ-
ing European Americans, African Americans, Hispanics, and 
Asians.150 Despite these efforts, the immune response that oc-
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curs even with HLA-matched cells is probably due to an indi-
rect pathway caused by H-Y minor histocompatibility antigens 
or innate immunity caused by natural killer cells.113,151 Likewise, 
it is possible that an immune response may occur if immuno-
genic antigens such as Zg16 and Hormad1 are abnormally over-
expressed despite autologous cell sources.152,153 Even if these are 
not the major parts, they should not be ignored. In addition, due 
to a potential burden of immunosuppression on graft recipients, 
the administration of immunosuppressants needs to be balanced 
with the predicted benefits of cell transplantation therapy. There-
fore, further evaluation of immunosuppressive regimens should 
include optimization of the type, dose, and duration of immu-
nosuppressants to avoid variations between different individu-
als and to decipher the safety and efficacy for treating patients 
with PD.

Patient stratification for transplantation
Successful clinical outcomes of cell replacement therapy de-

pend on the nigrostriatal dopaminergic system integrity of the 
recipient. As appropriate reinnervation of the grafts into the host 
striatum may play a critical role in functional recovery from PD, 
a sufficiently functional nigrostriatal system should be present 
in recipients before transplantation. An early study by Anders 
Bjorklund and colleagues reported that the functional efficacy 
of intrastriatal transplants of fVM cells greatly depended on the 
severity of damage to the host nigrostriatal system.154 Functional 
recovery seen in rats with > 70% dopamine denervation was 
superior to that in rats with complete lesions of the mesence-
phalic dopamine system, indicating that spared portions of the 
host dopamine system may be necessary for the grafts to exert 
their optimal functional effect.154 In addition, a previous double-
blind, placebo-controlled study reported promising results show-
ing a beneficial effect of fVM tissue transplantation in younger 
PD patients but not older patients.31,155 These results raised criti-
cal questions: Which patients should be selected for cell therapy, 
and what level of dopaminergic degeneration warrants neuro-
restorative intervention using cell therapy? Indeed, current cel-
lular therapeutic strategies for treating PD aim to choose indi-
viduals with earlier stages or less severe symptoms based on 
their disease progression profiles and pathology severities.38 
The TRANSEURO program therefore selectively put younger 
and early-stage PD patients into an observational cohort study 
with long-term clinical follow-up assessment.49 In addition, the 
program also provides substantial recommendations, including 
patient-selection criteria and standard operation procedures, 
useful for stem cell-based future cell replacement therapies.49

FUTURE DIRECTIONS

Application of hypoimmunogenic PSC-derived mDANs
Considering that the success of PSC-derived cell therapy for PD 

depends on immune matching between the implanted mDANs 
and the host patient, there is no doubt that autologous hiPSCs 
offer an ideal and unlimited cell source that can be used for pa-
tient-specific treatments without immune rejection concerns. 
However, despite its usefulness, the processes of generating and 
characterizing autologous hiPSCs from patient-specific somatic 
cells and expanding and characterizing those hiPSCs in suffi-
cient numbers for therapeutic use are time-consuming, laborious, 
and costly. Furthermore, these autologous cells are only usable 
to treat donor patients, which is an obstacle to the widespread 
application of autologous hiPSCs for personalized cell therapies. 
Although HLA-matching hESC or hiPSC lines are considered 
an alternative source to reduce the immune rejection associated 
with allogeneic transplantation, this strategy may be less practi-
cal and effective with ethnically diverse populations, and it re-
mains unclear whether its application completely obviates the 
need for strong immunosuppressant medications in recipients, 
as mentioned above.156 Recent advances in genome editing tech-
nologies, including the CRISPR–Cas system, have led to new rev-
olutions and innovations in the field of cell-based therapies.157 
In particular, CRISPR–Cas-based genome editing has been in-
strumental in the development of ‘off-the-shelf ’ engineered PSCs 
for use as therapeutics. An important milestone study by Sonja 
Schrepfer and colleagues demonstrated that genomic knockout 
of major histocompatibility complex (MHC) class I and II genes 
(β2-microtubulin and chromatin-modifying enzymes with 
class II transactivator, respectively) and simultaneous overex-
pression of the transmembrane protein CD47 minimizes the 
immunogenicity of both mouse and human iPSCs. Further-
more, endothelial cells, smooth muscle cells, and cardiomyocytes 
derived from these hypoimmunogenic iPSCs evade immune 
rejection in fully MHC-mismatched allogeneic recipients with-
out the use of immunosuppression, thus offering proof of con-
cept that universal donor iPSCs for stem cell-based cell therapies 
for patients in need of replacing damaged tissues with functional 
engineered counterparts are a viable option.158,159 Akitsu Hotta 
and colleagues also developed tailored HLA-editing strategies 
using CRISPR–Cas9 to establish pseudohomozygous iPSC lines 
by disrupting HLA-A and HLA-B biallelically but retaining a 
single HLA-C allele that enables iPSC derivatives to evade the 
inhibitory and destructive activities of CD8+ T and NK cells.160,161 
Although these gene editing-based approaches can potentially 
enable the large-scale production of hypoimmunogenic tissues 
from allogeneic healthy donor hPSCs that could be ready to treat 
patients with different histocompatibility, they are still in the 
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early development stage, and several issues need to be addressed 
before these hypoimmunogenic hPSCs become more widely 
used for cell transplantation therapies. A major concern of this 
approach is that it is unclear whether major histocompatibility 
antigen-manipulated cells would remain hypoimmunogenic or 
immune privileged in human hosts posttransplantation.159 In 
addition, ectopic expression of CD47 may cause deficiencies in 
host immune responses and protect the grafted cells from im-
mune-system-mediated rejection if they are converted to the 
cancerous state.161 Therefore, further studies are required to inves-
tigate the effects of transplantation of hypoimmunogenic hPSC 
derivatives in allogeneic recipients with long-term observations.

Combined cell and gene therapy
In addition to cell therapy, gene therapy has also been exten-

sively explored as an option for treating PD.162 While transplan-
tation of mDANs was intended to replace damaged cells and 
provide dopamine directly to the striatum, gene therapy using 
viral vectors has mainly focused on the restoration of dopamine 
synthesis, neuroprotection, and spared endogenous host dopa-
minergic neural circuitry via delivery of dopamine-synthesizing 
enzymes (e.g., TH, AADC, and GCH1) or neurotrophic factors 
(e.g., GDNF and NTN) directly to the striatum as a means to en-
hance dopamine transmission.163 In addition, given that reces-
sively inherited forms of PD have been linked to mutations in 
at least five different genes, including α-synuclein (A30P and 
A53T), PARKIN, DJ1, PINK1, and LRRK2, with seemingly di-
verse functions,164 gene therapy with the introduction of either 
small interfering RNAs against the mutated genes or ectopic 
expression of related regulatory genes, such as key dopamine 
biosynthetic enzymes, can minimize the cytotoxicity caused by 
genetic mutations and exert potent protective effects on dopa-
mine neurons against the pathogenesis of PD. In particular, 
α-synuclein-positive Lewy bodies and Lewy neurites were de-
tected in grafted neurons in PD patients who received trans-
plants of embryonic mesencephalic tissue more than a decade 
prior to their deaths, suggesting “host-to-graft disease propaga-
tion.”165,166 Considering the possibility that such pathologies may 
be toxic to transplanted cells over time and limit the long-term 
efficacy of cell therapy, a recent study showed an interesting pos-
sibility that reducing or completely removing α-synuclein alleles 
from hPSCs using CRISPR/Cas9n-mediated gene editing may 
yield pathology-resistant mDANs.167 Furthermore, gene therapy 
treatments are based on a single intervention principle, result-
ing in long-term (almost lifetime period) stability of therapeutic 
outcomes in the brain, which can reduce the financial burden 
of treatment to both individuals and society.168 Although several 
questions remain, including the choice of the most efficient vec-
tor and optimal dosage for gene delivery, there are multiple on-

going efforts to further improve the potential of gene therapy by 
combining it with other therapeutic approaches.169 Among them, 
a more recent study by Clare Parish and colleagues demonstrated 
that homotopic transplantation of hESC-derived mDANs re-
capitulates long-distance, anatomically precise innervation of 
appropriate targets throughout the host brain, including robust 
striatal innervation when combined with forebrain GDNF de-
livery, leading to the restoration of motor functions in a rodent 
model of PD.137 Despite the fact that controlling the expression 
of viral vectors to deliver ectopic GDNF levels in vivo has been 
elusive, this ‘proof-of-principle’ study highlights the promising 
potential of combining cell and gene therapy to provide an op-
timal therapeutic intervention for the effective treatment of pa-
tients with inherited parkinsonism. Therefore, to realize this 
potential, a more comprehensive assessment of the long-term 
impact of this combined therapy is required to ensure its safety 
and efficacy as a prospective therapeutic candidate for PD.

CONCLUSION

Recent progress in the field of stem cell research offers novel 
therapeutic options for patients who are refractory to current 
treatment strategies by providing patient-tailored PSCs that can 
differentiate into multiple types of cells in vitro and in vivo. Not-
withstanding the abovementioned remaining technical and sci-
entific challenges, there are increasing numbers of preclinical 
and clinical studies using hPSC derivatives for treating human 
neurodegenerative disorders, including PD.149 Despite this prog-
ress, there are some concerns regarding cell transplantation ther-
apy for PD. For instance, Dr. Ron Alterman recently voiced his 
criticisms on the first case report describing a patient treated 
with autologous mDAPs for PD in the following ways: 1) past 
cell therapy trials have failed despite promising open-label phase 
1 studies, 2) the placebo effect may account for some aspects of 
these failures, 3) side effects such as graft-induced dyskinesia 
were another cause of trial failure, and 4) not all underlying patho-
physiological mechanisms of PD are addressed by cell thera-
py.170,171 Although the starting point for these criticisms is that 
cell therapy will likely provide no more effective symptom con-
trol than is currently available with proven therapies, such as 
DBS and dopamine medications,172 presently this is unknown, 
and ongoing investigations will help clarify this matter. Never-
theless, a conceptual advantage of stem cell-based therapy is 
that this approach alleviates parkinsonian symptoms (such as 
DBS or dopamine pharmacotherapy) as well as restores synapse 
formation and dopamine turnover between transplanted cells 
and preserved host neurons and rescues both motor and non-
motor deficits in PD patients. Furthermore, compared to the late 
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1990s fetal cell transplantation approaches, additional advan-
tages of current PSC-based therapeutic approaches include: 1) 
novel strategies to reprogram cells (including the use of Nobel 
Prize-winning approaches for somatic cell reprogramming), 2) 
the practical ability to utilize PSCs with reduced or no graft re-
jection, and 3) systemic manufacturing methods to generate 
clinical-grade mDAPs and ensure their safety and efficacy before 
transplantation.171 Although stem cell-based therapies for PD 
have some limitations (e.g., dopamine-related stem cell therapy 
may not correct all known nonmotor symptoms of PD resulting 
from nondopaminergic pathology; none of the cell-based ther-
apies has yet undergone a successful phase 3 clinical trial), and 
the use of hPSC derivatives may continue to raise concerns 
about safety and feasibility, intensive scientific efforts have been 
committed – and are ongoing – to improve and further optimize 
the hPSC-based cell therapeutic approach to make it safer, more 
efficient, and less costly. Continuing effort, including both basic 
and clinical investigations, into a deeper understanding of PD 
etiology is imperative to translate our discoveries into novel ther-
apeutic avenues to treat both motor and nonmotor PD symp-
toms. In addition, considerable commercial and governmental 
investment in this field will also be important for overcoming 
practical limitations, such as the cost of manufacturing mDAPs 
to make hPSC-based cell therapy a viable therapeutic approach 
available to large numbers of PD patients.

Conflicts of Interest
The authors have no financial conflicts of interest.

Funding Statement
This work was supported by NIH grants NS127391 and OD024622, the 

Parkinson’s Cell Therapy Research Fund at McLean Hospital and Massachu-
setts General Hospital, and the Masson Family Endowed Scholar in Neuro-
surgery, Massachusetts General Hospital.

Author contributions
Conceptualization: Young Cha, Kwang-Soo Kim. Funding acquisition: 

Kwang-Soo Kim. Supervision: Kwang-Soo Kim. Writing—original draft: 
Young Cha, Kwang-Soo Kim. Writing—review & editing: all authors. 

ORCID iDs
Young Cha	 https://orcid.org/0000-0001-7647-0699
Tae-Yoon Park	 https://orcid.org/0000-0001-6358-9375
Pierre Leblanc	 https://orcid.org/0000-0001-8756-2396
Kwang-Soo Kim	 https://orcid.org/0000-0002-6081-9857

REFERENCES

1.	 Rong S, Xu G, Liu B, Sun Y, Snetselaar LG, Wallace RB, et al. Trends in 
mortality from Parkinson disease in the United States, 1999-2019. Neu-
rology 2021;97:e1986-e1993. 

2.	 Dorsey ER, Bloem BR. The Parkinson pandemic-a call to action. JAMA 
Neurol 2018;75:9-10.

3.	 de Lau LM, Breteler MM. Epidemiology of Parkinson’s disease. Lancet 
Neurol 2006;5:525-535.

4.	 Yang W, Hamilton JL, Kopil C, Beck JC, Tanner CM, Albin RL, et al. 

Current and projected future economic burden of Parkinson’s disease 
in the U.S. NPJ Parkinsons Dis 2020;6:15.

5.	 Dahodwala N, Li P, Jahnke J, Ladage VP, Pettit AR, Kandukuri PL, et al. 
Burden of Parkinson’s disease by severity: health care costs in the U.S. 
medicare population. Mov Disord 2021;36:133-142.

6.	 Lee GB, Woo H, Lee SY, Cheon SM, Kim JW. The burden of care and 
the understanding of disease in Parkinson’s disease. PLoS One 2019;14: 
e0217581.

7.	 Kalia LV, Lang AE. Parkinson’s disease. Lancet 2015;386:896-912.
8.	 Chaudhuri KR, Healy DG, Schapira AH; National Institute for Clinical 

Excellence. Non-motor symptoms of Parkinson’s disease: diagnosis and 
management. Lancet Neurol 2006;5:235-245.

9.	 Weiss JL, Ng LK, Chase TN. Long-lasting dyskinesia induced by le-
vodopa. Lancet 1971;1:1016-1017.

10.	 Kang UJ, Fahn S. Management of tardive dyskinesia. Ration Drug Ther 
1988;22:1-7.

11.	 Sharma VD, Patel M, Miocinovic S. Surgical treatment of Parkinson’s 
disease: devices and lesion approaches. Neurotherapeutics 2020;17: 
1525-1538.

12.	 Okun MS. Deep-brain stimulation for Parkinson’s disease. N Engl J 
Med 2012;367:1529-1538.

13.	 Combs HL, Folley BS, Berry DT, Segerstrom SC, Han DY, Anderson-
Mooney AJ, et al. Cognition and depression following deep brain stim-
ulation of the subthalamic nucleus and globus pallidus pars internus in 
Parkinson’s disease: a meta-analysis. Neuropsychol Rev 2015;25:439-
454.

14.	 Rossi M, Bruno V, Arena J, Cammarota Á, Merello M. Challenges in 
PD patient management after DBS: a pragmatic review. Mov Disord 
Clin Pract 2018;5:246-254.

15.	 Kleiner-Fisman G, Herzog J, Fisman DN, Tamma F, Lyons KE, Pahwa 
R, et al. Subthalamic nucleus deep brain stimulation: summary and 
meta-analysis of outcomes. Mov Disord 2006;21 Suppl 14:S290-S304.

16.	 Bunjo Z, Bacchi S, Chandran AS, Zacest A. Orthostatic hypotension 
following deep brain stimulation in Parkinson’s disease: a systematic re-
view. Br J Neurosurg 2020;34:587-590.

17.	 Steinhardt J, Münte TF, Schmid SM, Wilms B, Brüggemann N. A sys-
tematic review of body mass gain after deep brain stimulation of the 
subthalamic nucleus in patients with Parkinson’s disease. Obes Rev 2020; 
21:e12955.

18.	 Muramatsu S, Fujimoto K, Kato S, Mizukami H, Asari S, Ikeguchi K, et 
al. A phase I study of aromatic L-amino acid decarboxylase gene thera-
py for Parkinson’s disease. Mol Ther 2010;18:1731-1735.

19.	 Deverman BE, Ravina BM, Bankiewicz KS, Paul SM, Sah DWY. Gene 
therapy for neurological disorders: progress and prospects. Nat Rev 
Drug Discov 2018;17:641-659.

20.	 Trounson A, DeWitt ND. Pluripotent stem cells progressing to the clin-
ic. Nat Rev Mol Cell Biol 2016;17:194-200.

21.	 Yamanaka S. Pluripotent stem cell-based cell therapy-promise and 
challenges. Cell Stem Cell 2020;27:523-531.

22.	 Okano H, Morimoto S. iPSC-based disease modeling and drug discov-
ery in cardinal neurodegenerative disorders. Cell Stem Cell 2022;29: 
189-208.

23.	 Pang SY, Ho PW, Liu HF, Leung CT, Li L, Chang EES, et al. The inter-
play of aging, genetics and environmental factors in the pathogenesis of 
Parkinson’s disease. Transl Neurodegener 2019;8:23.

24.	 Gallegos S, Pacheco C, Peters C, Opazo CM, Aguayo LG. Features of 
alpha-synuclein that could explain the progression and irreversibility of 
Parkinson’s disease. Front Neurosci 2015;9:59.

25.	 Kalia LV, Lang AE. Parkinson disease in 2015: evolving basic, patholog-
ical and clinical concepts in PD. Nat Rev Neurol 2016;12:65-66.

26.	 Jiang LL, Li H, Liu L. Xenogeneic stem cell transplantation: research 
progress and clinical prospects. World J Clin Cases 2021;9:3826-3837.

27.	 Barker RA, Barrett J, Mason SL, Björklund A. Fetal dopaminergic trans-
plantation trials and the future of neural grafting in Parkinson’s disease. 
Lancet Neurol 2013;12:84-91.



38

J Mov Disord  2023;16(1):22-41

28.	 Barbuti PA, Barker RA, Brundin P, Przedborski S, Papa SM, Kalia LV, et 
al. Recent advances in the development of stem-cell-derived dopami-
nergic neuronal transplant therapies for Parkinson’s disease. Mov Dis-
ord 2021;36:1772-1780.

29.	 Freed CR, Breeze RE, Rosenberg NL, Schneck SA, Kriek E, Qi JX, et al. 
Survival of implanted fetal dopamine cells and neurologic improve-
ment 12 to 46 months after transplantation for Parkinson’s disease. N 
Engl J Med 1992;327:1549-1555.

30.	 Kordower JH, Freeman TB, Snow BJ, Vingerhoets FJ, Mufson EJ, San-
berg PR, et al. Neuropathological evidence of graft survival and striatal 
reinnervation after the transplantation of fetal mesencephalic tissue in a 
patient with Parkinson’s disease. N Engl J Med 1995;332:1118-1124.

31.	 Freed CR, Greene PE, Breeze RE, Tsai WY, DuMouchel W, Kao R, et al. 
Transplantation of embryonic dopamine neurons for severe Parkinson’s 
disease. N Engl J Med 2001;344:710-719.

32.	 Takahashi K, Yamanaka S. A decade of transcription factor-mediated 
reprogramming to pluripotency. Nat Rev Mol Cell Biol 2016;17:183-
193.

33.	 Shi Y, Inoue H, Wu JC, Yamanaka S. Induced pluripotent stem cell tech-
nology: a decade of progress. Nat Rev Drug Discov 2017;16:115-130.

34.	 Sonntag KC, Song B, Lee N, Jung JH, Cha Y, Leblanc P, et al. Pluripo-
tent stem cell-based therapy for Parkinson’s disease: current status and 
future prospects. Prog Neurobiol 2018;168:1-20.

35.	 Kim TW, Koo SY, Studer L. Pluripotent stem cell therapies for Parkin-
son disease: present challenges and future opportunities. Front Cell Dev 
Biol 2020;8:729.

36.	 Lindvall O, Brundin P, Widner H, Rehncrona S, Gustavii B, Frackowiak 
R, et al. Grafts of fetal dopamine neurons survive and improve motor 
function in Parkinson’s disease. Science 1990;247:574-577.

37.	 Ishii T, Eto K. Fetal stem cell transplantation: past, present, and future. 
World J Stem Cells 2014;6:404-420.

38.	 Barker RA, Drouin-Ouellet J, Parmar M. Cell-based therapies for Par-
kinson disease–past insights and future potential. Nat Rev Neurol 2015; 
11:492-503.

39.	 Lindvall O. Treatment of Parkinson’s disease using cell transplantation. 
Philos Trans R Soc Lond B Biol Sci 2015;370:20140370.

40.	 Li W, Englund E, Widner H, Mattsson B, van Westen D, Lätt J, et al. Ex-
tensive graft-derived dopaminergic innervation is maintained 24 years 
after transplantation in the degenerating parkinsonian brain. Proc Natl 
Acad Sci U S A 2016;113:6544-6549.

41.	 Olanow CW, Goetz CG, Kordower JH, Stoessl AJ, Sossi V, Brin MF, et 
al. A double-blind controlled trial of bilateral fetal nigral transplanta-
tion in Parkinson’s disease. Ann Neurol 2003;54:403-414.

42.	 Greene PE, Fahn S, Eidelberg D, Bjugstad KB, Breeze RE, Freed CR. 
Persistent dyskinesias in patients with fetal tissue transplantation for 
Parkinson disease. NPJ Parkinsons Dis 2021;7:38.

43.	 Politis M, Wu K, Loane C, Quinn NP, Brooks DJ, Rehncrona S, et al. 
Serotonergic neurons mediate dyskinesia side effects in Parkinson’s pa-
tients with neural transplants. Sci Transl Med 2010;2:38ra46.

44.	 Politis M, Oertel WH, Wu K, Quinn NP, Pogarell O, Brooks DJ, et al. 
Graft-induced dyskinesias in Parkinson’s disease: high striatal sero-
tonin/dopamine transporter ratio. Mov Disord 2011;26:1997-2003.

45.	 Barker RA, Studer L, Cattaneo E, Takahashi J; G-Force PD Consortium. 
G-Force PD: a global initiative in coordinating stem cell-based dopa-
mine treatments for Parkinson’s disease. NPJ Parkinsons Dis 2015;1: 
15017.

46.	 Moore SF, Guzman NV, Mason SL, Williams-Gray CH, Barker RA. 
Which patients with Parkinson’s disease participate in clinical trials? 
One centre’s experiences with a new cell based therapy trial (TRAN-
SEURO). J Parkinsons Dis 2014;4:671-676.

47.	 Kirkeby A, Parmar M, Barker RA. Strategies for bringing stem cell-de-
rived dopamine neurons to the clinic: a European approach (STEM-
PD). Prog Brain Res 2017;230:165-190.

48.	 Salado-Manzano C, Perpiña U, Straccia M, Molina-Ruiz FJ, Cozzi E, 
Rosser AE, et al. Is the immunological response a bottleneck for cell 

therapy in neurodegenerative diseases? Front Cell Neurosci 2020;14:250.
49.	 Barker RA; TRANSEURO Consortium. Designing stem-cell-based do-

pamine cell replacement trials for Parkinson’s disease. Nat Med 2019; 
25:1045-1053.

50.	 Stoker TB, Blair NF, Barker RA. Neural grafting for Parkinson’s disease: 
challenges and prospects. Neural Regen Res 2017;12:389-392.

51.	 Evans MJ, Kaufman MH. Establishment in culture of pluripotential 
cells from mouse embryos. Nature 1981;292:154-156.

52.	 Martin GR. Isolation of a pluripotent cell line from early mouse embry-
os cultured in medium conditioned by teratocarcinoma stem cells. Proc 
Natl Acad Sci U S A 1981;78:7634-7638.

53.	 Thomson JA, Itskovitz-Eldor J, Shapiro SS, Waknitz MA, Swiergiel JJ, 
Marshall VS, et al. Embryonic stem cell lines derived from human blas-
tocysts. Science 1998;282:1145-1147.

54.	 Parmar M. Towards stem cell based therapies for Parkinson’s disease. 
Development 2018;145:dev156117.

55.	 Studer L. Strategies for bringing stem cell-derived dopamine neurons 
to the clinic–the NYSTEM trial. Prog Brain Res 2017;230:191-212.

56.	 Sasai Y. Generation of dopaminergic neurons from embryonic stem 
cells. J Neurol 2002;249 Suppl 2:II41-II44.

57.	 Kawasaki H, Mizuseki K, Nishikawa S, Kaneko S, Kuwana Y, Nakanishi 
S, et al. Induction of midbrain dopaminergic neurons from ES cells by 
stromal cell-derived inducing activity. Neuron 2000;28:31-40.

58.	 Perrier AL, Tabar V, Barberi T, Rubio ME, Bruses J, Topf N, et al. Deri-
vation of midbrain dopamine neurons from human embryonic stem 
cells. Proc Natl Acad Sci U S A 2004;101:12543-12548.

59.	 Kittappa R, Chang WW, Awatramani RB, McKay RD. The foxa2 gene 
controls the birth and spontaneous degeneration of dopamine neurons 
in old age. PLoS Biol 2007;5:e325.

60.	 Chung S, Leung A, Han BS, Chang MY, Moon JI, Kim CH, et al. Wnt1-
lmx1a forms a novel autoregulatory loop and controls midbrain dopa-
minergic differentiation synergistically with the SHH-FoxA2 pathway. 
Cell Stem Cell 2009;5:646-658.

61.	 Joksimovic M, Yun BA, Kittappa R, Anderegg AM, Chang WW, Taketo 
MM, et al. Wnt antagonism of Shh facilitates midbrain floor plate neu-
rogenesis. Nat Neurosci 2009;12:125-131.

62.	 Ono Y, Nakatani T, Sakamoto Y, Mizuhara E, Minaki Y, Kumai M, et al. 
Differences in neurogenic potential in floor plate cells along an antero-
posterior location: midbrain dopaminergic neurons originate from 
mesencephalic floor plate cells. Development 2007;134:3213-3225.

63.	 Bonilla S, Hall AC, Pinto L, Attardo A, Götz M, Huttner WB, et al. Iden-
tification of midbrain floor plate radial glia-like cells as dopaminergic 
progenitors. Glia 2008;56:809-820.

64.	 Chambers SM, Fasano CA, Papapetrou EP, Tomishima M, Sadelain M, 
Studer L. Highly efficient neural conversion of human ES and iPS cells 
by dual inhibition of SMAD signaling. Nat Biotechnol 2009;27:275-280.

65.	 Kriks S, Shim JW, Piao J, Ganat YM, Wakeman DR, Xie Z, et al. Dopa-
mine neurons derived from human ES cells efficiently engraft in animal 
models of Parkinson’s disease. Nature 2011;480:547-551.

66.	 Tiklová K, Nolbrant S, Fiorenzano A, Björklund ÅK, Sharma Y, Heuer 
A, et al. Single cell transcriptomics identifies stem cell-derived graft 
composition in a model of Parkinson’s disease. Nat Commun 2020;11: 
2434.

67.	 Xiong M, Tao Y, Gao Q, Feng B, Yan W, Zhou Y, et al. Human stem cell-
derived neurons repair circuits and restore neural function. Cell Stem 
Cell 2021;28:112-126.e6.

68.	 Kim TW, Piao J, Koo SY, Kriks S, Chung SY, Betel D, et al. Biphasic ac-
tivation of WNT signaling facilitates the derivation of midbrain dopa-
mine neurons from hESCs for translational use. Cell Stem Cell 2021; 
28:343-355.e5.

69.	 Garitaonandia I, Gonzalez R, Christiansen-Weber T, Abramihina T, 
Poustovoitov M, Noskov A, et al. Neural stem cell tumorigenicity and 
biodistribution assessment for phase I clinical trial in Parkinson’s dis-
ease. Sci Rep 2016;6:34478.

70.	 Wang YK, Zhu WW, Wu MH, Wu YH, Liu ZX, Liang LM, et al. Hu-



Stem Cell-Based Transplantation Therapies for PD
Cha Y, et al.

www.e-jmd.org  39

man clinical-grade parthenogenetic ESC-derived dopaminergic neu-
rons recover locomotive defects of nonhuman primate models of Par-
kinson’s disease. Stem Cell Reports 2018;11:171-182.

71.	 Piao J, Zabierowski S, Dubose BN, Hill EJ, Navare M, Claros N, et al. 
Preclinical efficacy and safety of a human embryonic stem cell-derived 
midbrain dopamine progenitor product, MSK-DA01. Cell Stem Cell 
2021; 28:217-229.e7.

72.	 Takahashi J. Clinical trial for Parkinson’s disease gets a green light in the 
US. Cell Stem Cell 2021;28:182-183.

73.	 Price ML, Tidman MJ, Ogg CS, MacDonald DM. Skin cancer and cy-
closporine therapy. N Engl J Med 1985;313:1420.

74.	 Cutolo M, Seriolo B, Pizzorni C, Secchi ME, Soldano S, Paolino S, et al. 
Use of glucocorticoids and risk of infections. Autoimmun Rev 2008;8: 
153-155.

75.	 Takahashi K, Yamanaka S. Induction of pluripotent stem cells from 
mouse embryonic and adult fibroblast cultures by defined factors. Cell 
2006;126:663-676.

76.	 Takahashi K, Tanabe K, Ohnuki M, Narita M, Ichisaka T, Tomoda K, et 
al. Induction of pluripotent stem cells from adult human fibroblasts by 
defined factors. Cell 2007;131:861-872.

77.	 Yu J, Vodyanik MA, Smuga-Otto K, Antosiewicz-Bourget J, Frane JL, 
Tian S, et al. Induced pluripotent stem cell lines derived from human 
somatic cells. Science 2007;318:1917-1920.

78.	 Park IH, Zhao R, West JA, Yabuuchi A, Huo H, Ince TA, et al. Repro-
gramming of human somatic cells to pluripotency with defined factors. 
Nature 2008;451:141-146.

79.	 Rowe RG, Daley GQ. Induced pluripotent stem cells in disease model-
ling and drug discovery. Nat Rev Genet 2019;20:377-388.

80.	 Sharma A, Sances S, Workman MJ, Svendsen CN. Multi-lineage human 
iPSC-derived platforms for disease modeling and drug discovery. Cell 
Stem Cell 2020;26:309-329.

81.	 Rivetti di Val Cervo P, Besusso D, Conforti P, Cattaneo E. hiPSCs for 
predictive modelling of neurodegenerative diseases: dreaming the pos-
sible. Nat Rev Neurol 2021;17:381-392.

82.	 Nagoshi N, Okano H. iPSC-derived neural precursor cells: potential for 
cell transplantation therapy in spinal cord injury. Cell Mol Life Sci 2018; 
75:989-1000.

83.	 Morizane A, Doi D, Kikuchi T, Okita K, Hotta A, Kawasaki T, et al. Di-
rect comparison of autologous and allogeneic transplantation of iPSC-
derived neural cells in the brain of a non-human primate. Stem Cell 
Reports 2013;1:283-292.

84.	 Mandai M, Watanabe A, Kurimoto Y, Hirami Y, Morinaga C, Daimon 
T, et al. Autologous induced stem-cell–derived retinal cells for macular 
degeneration. N Engl J Med 2017;376:1038-1046.

85.	 Schweitzer JS, Song B, Herrington TM, Park TY, Lee N, Ko S, et al. Per-
sonalized iPSC-derived dopamine progenitor cells for Parkinson’s dis-
ease. N Engl J Med 2020;382:1926-1932.

86.	 Parmar M, Björklund A. From skin to brain: a Parkinson’s disease pa-
tient transplanted with his own cells. Cell Stem Cell 2020;27:8-10.

87.	 Jankovic J, Okun MS, Kordower JH. Stem cells: scientific and ethical 
quandaries of a personalized approach to Parkinson’s disease. Mov Dis-
ord 2020;35:1312-1314.

88.	 Herrington TM, Schweitzer J, Henchcliffe C, Carter BS, Kim KS. To-
ward a personalized approach to Parkinson’s cell therapy. Mov Disord 
2020;35: 2119-2120.

89.	 Wang G, Heimendinger P, Ramelmeier RA, Wang W. Pluripotent stem 
cell-based cell therapies: current applications and future prospects. 
Curr Opin Biomed Eng 2022;22:100390.

90.	 Doi D, Magotani H, Kikuchi T, Ikeda M, Hiramatsu S, Yoshida K, et al. 
Pre-clinical study of induced pluripotent stem cell-derived dopaminer-
gic progenitor cells for Parkinson’s disease. Nat Commun 2020;11:3369.

91.	 Nolbrant S, Heuer A, Parmar M, Kirkeby A. Generation of high-purity 
human ventral midbrain dopaminergic progenitors for in vitro matura-
tion and intracerebral transplantation. Nat Protoc 2017;12:1962-1979.

92.	 Wakeman DR, Hiller BM, Marmion DJ, McMahon CW, Corbett GT, 

Mangan KP, et al. Cryopreservation maintains functionality of human 
iPSC dopamine neurons and rescues parkinsonian phenotypes in vivo. 
Stem Cell Reports 2017;9:149-161.

93.	 Parmar M, Grealish S, Henchcliffe C. The future of stem cell therapies 
for Parkinson disease. Nat Rev Neurosci 2020;21:103-115.

94.	 Takahashi J. iPS cell-based therapy for Parkinson’s disease: a Kyoto trial. 
Regen Ther 2020;13:18-22.

95.	 Daley GQ. The promise and perils of stem cell therapeutics. Cell Stem 
Cell 2012;10:740-749.

96.	 Volpato V, Smith J, Sandor C, Ried JS, Baud A, Handel A, et al. Repro-
ducibility of molecular phenotypes after long-term differentiation to 
human iPSC-derived neurons: a multi-site omics study. Stem Cell Re-
ports 2018;11:897-911.

97.	 Mahajani S, Bähr M, Kügler S. Patterning inconsistencies restrict the 
true potential of dopaminergic neurons derived from human induced 
pluripotent stem cells. Neural Regen Res 2021;16:692-693.

98.	 Lund RJ, Närvä E, Lahesmaa R. Genetic and epigenetic stability of hu-
man pluripotent stem cells. Nat Rev Genet 2012;13:732-744.

99.	 Kuijk E, Jager M, van der Roest B, Locati MD, Van Hoeck A, Korzelius J, 
et al. The mutational impact of culturing human pluripotent and adult 
stem cells. Nat Commun 2020;11:2493.

100.	 Halliwell J, Barbaric I, Andrews PW. Acquired genetic changes in hu-
man pluripotent stem cells: origins and consequences. Nat Rev Mol Cell 
Biol 2020;21:715-728.

101.	 Avior Y, Lezmi E, Eggan K, Benvenisty N. Cancer-related mutations 
identified in primed human pluripotent stem cells. Cell Stem Cell 2021; 
28:10-11.

102.	 Merkle FT, Ghosh S, Kamitaki N, Mitchell J, Avior Y, Mello C, et al. Hu-
man pluripotent stem cells recurrently acquire and expand dominant 
negative P53 mutations. Nature 2017;545:229-233.

103.	 Song B, Cha Y, Ko S, Jeon J, Lee N, Seo H, et al. Human autologous iP-
SC-derived dopaminergic progenitors restore motor function in Par-
kinson’s disease models. J Clin Invest 2020;130:904-920.

104.	 Borgohain MP, Haridhasapavalan KK, Dey C, Adhikari P, Thummer 
RP. An insight into DNA-free reprogramming approaches to generate 
integration-free induced pluripotent stem cells for prospective biomed-
ical applications. Stem Cell Rev Rep 2019;15:286-313.

105.	 Cha Y, Leblanc P, Kim CH, Schweitzer JS, Kim KS. Chapter 1. Current 
reprogramming methods to generate high-quality iPSCs. In: Birbrair A, 
editor. Methods in iPSC Technology. 1st ed. Vol 9. Cambridge: Aca-
demic Press, 2021;1-36. 

106.	 Dey C, Raina K, Haridhasapavalan KK, Thool M, Sundaravadivelu PK, 
Adhikari P, et al. Chapter 9. An overview of reprogramming approaches 
to derive integration-free induced pluripotent stem cells for prospective 
biomedical applications. In: Birbrair A, editor. Recent Advances in iPSC 
Technology. 1st ed. Vol 5. Cambridge: Academic Press, 2021;231-287. 

107.	 Li C, Chen S, Zhou Y, Zhao Y, Liu P, Cai J. Application of induced plu-
ripotent stem cell transplants: autologous or allogeneic? Life Sci 2018; 
212:145-149.

108.	 Tao Y, Vermilyea SC, Zammit M, Lu J, Olsen M, Metzger JM, et al. Au-
tologous transplant therapy alleviates motor and depressive behaviors 
in parkinsonian monkeys. Nat Med 2021;27:632-639.

109.	 Schweitzer JS, Song B, Kim KS. A step closer to autologous cell therapy 
for Parkinson’s disease. Cell Stem Cell 2021;28:595-597.

110.	 Xiao B, Ng HH, Takahashi R, Tan EK. Induced pluripotent stem cells in 
Parkinson’s disease: scientific and clinical challenges. J Neurol Neuro-
surg Psychiatry 2016;87:697-702.

111.	 Im W, Moon J, Kim M. Applications of CRISPR/Cas9 for gene editing 
in hereditary movement disorders. J Mov Disord 2016;9:136-143.

112.	 Taylor CJ, Peacock S, Chaudhry AN, Bradley JA, Bolton EM. Generat-
ing an iPSC bank for HLA-matched tissue transplantation based on 
known donor and recipient HLA types. Cell Stem Cell 2012;11:147-152.

113.	 Morizane A, Kikuchi T, Hayashi T, Mizuma H, Takara S, Doi H, et al. 
MHC matching improves engraftment of iPSC-derived neurons in non-
human primates. Nat Commun 2017;8:385.



40

J Mov Disord  2023;16(1):22-41

114.	 Sullivan S, Fairchild PJ, Marsh SGE, Müller CR, Turner ML, Song J, et 
al. Haplobanking induced pluripotent stem cells for clinical use. Stem 
Cell Res 2020;49:102035.

115.	 Okita K, Matsumura Y, Sato Y, Okada A, Morizane A, Okamoto S, et al. 
A more efficient method to generate integration-free human iPS cells. 
Nat Methods 2011;8:409-412.

116.	 Akabayashi A, Nakazawa E, Jecker NS. Endangerment of the iPSC 
stock project in Japan: on the ethics of public funding policies. J Med 
Ethics 2018;44:700-702.

117.	 Björklund A, Dunnett SB. Dopamine neuron systems in the brain: an 
update. Trends Neurosci 2007;30:194-202.

118.	 Brichta L, Greengard P. Molecular determinants of selective dopami-
nergic vulnerability in Parkinson’s disease: an update. Front Neuroanat 
2014;8:152.

119.	 Steinbeck JA, Studer L. Moving stem cells to the clinic: potential and 
limitations for brain repair. Neuron 2015;86:187-206.

120.	 Tao Y, Zhang SC. Neural subtype specification from human pluripotent 
stem cells. Cell Stem Cell 2016;19:573-586.

121.	 Kirkeby A, Grealish S, Wolf DA, Nelander J, Wood J, Lundblad M, et al. 
Generation of regionally specified neural progenitors and functional 
neurons from human embryonic stem cells under defined conditions. 
Cell Rep 2012;1:703-714.

122.	 Xi J, Liu Y, Liu H, Chen H, Emborg ME, Zhang SC. Specification of 
midbrain dopamine neurons from primate pluripotent stem cells. Stem 
Cells 2012;30:1655-1663.

123.	 Gantner CW, Cota-Coronado A, Thompson LH, Parish CL. An opti-
mized protocol for the generation of midbrain dopamine neurons un-
der defined conditions. STAR Protoc 2020;1:100065.

124.	 Doi D, Samata B, Katsukawa M, Kikuchi T, Morizane A, Ono Y, et al. 
Isolation of human induced pluripotent stem cell-derived dopaminer-
gic progenitors by cell sorting for successful transplantation. Stem Cell 
Reports 2014;2:337-350.

125.	 Kikuchi T, Morizane A, Doi D, Magotani H, Onoe H, Hayashi T, et al. 
Human iPS cell-derived dopaminergic neurons function in a primate 
Parkinson’s disease model. Nature 2017;548:592-596.

126.	 Hallett PJ, Deleidi M, Astradsson A, Smith GA, Cooper O, Osborn TM, 
et al. Successful function of autologous iPSC-derived dopamine neurons 
following transplantation in a non-human primate model of Parkinson’s 
disease. Cell Stem Cell 2015;16:269-274.

127.	 Chung S, Moon JI, Leung A, Aldrich D, Lukianov S, Kitayama Y, et al. 
ES cell-derived renewable and functional midbrain dopaminergic pro-
genitors. Proc Natl Acad Sci U S A 2011;108:9703-9708.

128.	 Kirkeby A, Nolbrant S, Tiklova K, Heuer A, Kee N, Cardoso T, et al. Pre-
dictive markers guide differentiation to improve graft outcome in clini-
cal translation of hESC-based therapy for Parkinson’s disease. Cell Stem 
Cell 2017;20:135-148.

129.	 Hiller BM, Marmion DJ, Thompson CA, Elliott NA, Federoff H, Brun-
din P, et al. Optimizing maturity and dose of iPSC-derived dopamine 
progenitor cell therapy for Parkinson’s disease. NPJ Regen Med 2022; 
7:24.

130.	 Doi D, Morizane A, Kikuchi T, Onoe H, Hayashi T, Kawasaki T, et al. 
Prolonged maturation culture favors a reduction in the tumorigenicity 
and the dopaminergic function of human ESC-derived neural cells in a 
primate model of Parkinson’s disease. Stem Cells 2012;30:935-945.

131.	 Grealish S, Diguet E, Kirkeby A, Mattsson B, Heuer A, Bramoulle Y, et 
al. Human ESC-derived dopamine neurons show similar preclinical ef-
ficacy and potency to fetal neurons when grafted in a rat model of Par-
kinson’s disease. Cell Stem Cell 2014;15:653-665.

132.	 Gonzalez R, Garitaonandia I, Poustovoitov M, Abramihina T, McEntire 
C, Culp B, et al. Neural stem cells derived from human parthenogenetic 
stem cells engraft and promote recovery in a nonhuman primate model 
of Parkinson’s disease. Cell Transplant 2016;25:1945-1966.

133.	 Chen Y, Xiong M, Dong Y, Haberman A, Cao J, Liu H, et al. Chemical 
control of grafted human PSC-derived neurons in a mouse model of 
Parkinson’s disease. Cell Stem Cell 2016;18:817-826.

134.	 Kikuchi T, Morizane A, Doi D, Okita K, Nakagawa M, Yamakado H, et 
al. Idiopathic Parkinson’s disease patient-derived induced pluripotent 
stem cells function as midbrain dopaminergic neurons in rodent brains. 
J Neurosci Res 2017;95:1829-1837.

135.	 Lehnen D, Barral S, Cardoso T, Grealish S, Heuer A, Smiyakin A, et al. 
IAP-based cell sorting results in homogeneous transplantable dopami-
nergic precursor cells derived from human pluripotent stem cells. Stem 
Cell Reports 2017;9:1207-1220.

136.	 Gantner CW, de Luzy IR, Kauhausen JA, Moriarty N, Niclis JC, Bye 
CR, et al. Viral delivery of GDNF promotes functional integration of 
human stem cell grafts in Parkinson’s disease. Cell Stem Cell 2020;26: 
511-526.e5.

137.	 Moriarty N, Gantner CW, Hunt CPJ, Ermine CM, Frausin S, Viventi S, 
et al. A combined cell and gene therapy approach for homotopic recon-
struction of midbrain dopamine pathways using human pluripotent 
stem cells. Cell Stem Cell 2022;29:434-448.e5.

138.	 Fan Y, Winanto, Ng SY. Replacing what’s lost: a new era of stem cell 
therapy for Parkinson’s disease. Transl Neurodegener 2020;9:2.

139.	 Harris JP, Burrell JC, Struzyna LA, Chen HI, Serruya MD, Wolf JA, et 
al. Emerging regenerative medicine and tissue engineering strategies 
for Parkinson’s disease. NPJ Parkinsons Dis 2020;6:4.

140.	 Barker RA, Dunnett SB, Faissner A, Fawcett JW. The time course of loss 
of dopaminergic neurons and the gliotic reaction surrounding grafts of 
embryonic mesencephalon to the striatum. Exp Neurol 1996;141:79-
93.

141.	 Amer MH, Rose FRAJ, Shakesheff KM, Modo M, White LJ. Transla-
tional considerations in injectable cell-based therapeutics for neurologi-
cal applications: concepts, progress and challenges. NPJ Regen Med 
2017;2:23.

142.	 Lee AS, Tang C, Rao MS, Weissman IL, Wu JC. Tumorigenicity as a 
clinical hurdle for pluripotent stem cell therapies. Nat Med 2013;19:998-
1004.

143.	 Ben-David U, Gan QF, Golan-Lev T, Arora P, Yanuka O, Oren YS, et al. 
Selective elimination of human pluripotent stem cells by an oleate syn-
thesis inhibitor discovered in a high-throughput screen. Cell Stem Cell 
2013;12:167-179.

144.	 Lee MO, Moon SH, Jeong HC, Yi JY, Lee TH, Shim SH, et al. Inhibition 
of pluripotent stem cell-derived teratoma formation by small mole-
cules. Proc Natl Acad Sci U S A 2013;110:E3281-E3290.

145.	 de Luzy IR, Law KCL, Moriarty N, Hunt CPJ, Durnall JC, Thompson 
LH, et al. Human stem cells harboring a suicide gene improve the safety 
and standardisation of neural transplants in parkinsonian rats. Nat 
Commun 2021;12:3275.

146.	 Kim JW, Hwang JH, Kim IK, Kim YE, Yang HJ, Ehm G, et al. Acute 
brain reaction to DBS electrodes after deep brain stimulation: chrono-
logical observation. Acta Neurochir (Wien) 2013;155:2365-2371; dis-
cussion 2371.

147.	 Deuse T, Wang D, Stubbendorff M, Itagaki R, Grabosch A, Greaves LC, 
et al. SCNT-derived ESCs with mismatched mitochondria trigger an 
immune response in allogeneic hosts. Cell Stem Cell 2015;16:33-38.

148.	 de Rham C, Villard J. Potential and limitation of HLA-based banking of 
human pluripotent stem cells for cell therapy. J Immunol Res 2014; 
2014:518135.

149.	 Ford E, Pearlman J, Ruan T, Manion J, Waller M, Neely GG, et al. Hu-
man pluripotent stem cells-based therapies for neurodegenerative dis-
eases: current status and challenges. Cells 2020;9:2517.

150.	 Gourraud PA, Gilson L, Girard M, Peschanski M. The role of human 
leukocyte antigen matching in the development of multiethnic “haplo-
bank” of induced pluripotent stem cell lines. Stem Cells 2012;30:180-
186.

151.	 Mizukami Y, Abe T, Shibata H, Makimura Y, Fujishiro SH, Yanase K, et 
al. MHC-matched induced pluripotent stem cells can attenuate cellular 
and humoral immune responses but are still susceptible to innate im-
munity in pigs. PLoS One 2014;9:e98319.

152.	 Zhao T, Zhang ZN, Rong Z, Xu Y. Immunogenicity of induced pluripo-



Stem Cell-Based Transplantation Therapies for PD
Cha Y, et al.

www.e-jmd.org  41

tent stem cells. Nature 2011;474:212-215.
153.	 Zhao T, Zhang ZN, Westenskow PD, Todorova D, Hu Z, Lin T, et al. Hu-

manized mice reveal differential immunogenicity of cells derived from 
autologous induced pluripotent stem cells. Cell Stem Cell 2015;17:353-
359.

154.	 Kirik D, Winkler C, Björklund A. Growth and functional efficacy of in-
trastriatal nigral transplants depend on the extent of nigrostriatal de-
generation. J Neurosci 2001;21:2889-2896.

155.	 Ma Y, Tang C, Chaly T, Greene P, Breeze R, Fahn S, et al. Dopamine cell 
implantation in Parkinson’s disease: long-term clinical and (18)F-FDO-
PA PET outcomes. J Nucl Med 2010;51:7-15.

156.	 Aron Badin R, Bugi A, Williams S, Vadori M, Michael M, Jan C, et al. 
MHC matching fails to prevent long-term rejection of iPSC-derived 
neurons in non-human primates. Nat Commun 2019;10:4357.

157.	 Bashor CJ, Hilton IB, Bandukwala H, Smith DM, Veiseh O. Engineer-
ing the next generation of cell-based therapeutics. Nat Rev Drug Discov 
2022;21:655-675. 

158.	 Deuse T, Hu X, Gravina A, Wang D, Tediashvili G, De C, et al. Hypoim-
munogenic derivatives of induced pluripotent stem cells evade immune 
rejection in fully immunocompetent allogeneic recipients. Nat Biotech-
nol 2019;37:252-258.

159.	 Shani T, Hanna JH. Universally non-immunogenic iPSCs. Nat Biomed 
Eng 2019;3:337-338.

160.	 Xu H, Wang B, Ono M, Kagita A, Fujii K, Sasakawa N, et al. Targeted 
disruption of HLA genes via CRISPR-Cas9 generates iPSCs with en-
hanced immune compatibility. Cell Stem Cell 2019;24:566-578.e7.

161.	 Trounson A, Boyd NR, Boyd RL. Toward a universal solution: editing 
compatibility into pluripotent stem cells. Cell Stem Cell 2019;24:508-
510.

162.	 Axelsen TM, Woldbye DPD. Gene therapy for Parkinson’s disease, an 
update. J Parkinsons Dis 2018;8:195-215.

163.	 Wakeman DR, Dodiya HB, Kordower JH. Cell transplantation and 
gene therapy in Parkinson’s disease. Mt Sinai J Med 2011;78:126-158.

164.	 Büeler H. Impaired mitochondrial dynamics and function in the patho-
genesis of Parkinson’s disease. Exp Neurol 2009;218:235-246.

165.	 Kordower JH, Chu Y, Hauser RA, Freeman TB, Olanow CW. Lewy 
body-like pathology in long-term embryonic nigral transplants in Par-
kinson’s disease. Nat Med 2008;14:504-506.

166.	 Li JY, Englund E, Holton JL, Soulet D, Hagell P, Lees AJ, et al. Lewy 
bodies in grafted neurons in subjects with Parkinson’s disease suggest 
host-to-graft disease propagation. Nat Med 2008;14:501-503.

167.	 Chen Y, Dolt KS, Kriek M, Baker T, Downey P, Drummond NJ, et al. 
Engineering synucleinopathy-resistant human dopaminergic neurons 
by CRISPR-mediated deletion of the SNCA gene. Eur J Neurosci 2019; 
49:510-524.

168.	 Björklund T, Kirik D. Scientific rationale for the development of gene 
therapy strategies for Parkinson’s disease. Biochim Biophys Acta 2009; 
1792:703-713.

169.	 De Luca M, Aiuti A, Cossu G, Parmar M, Pellegrini G, Robey PG. Ad-
vances in stem cell research and therapeutic development. Nat Cell Biol 
2019;21:801-811.

170.	 Alterman RL. Cellular transplantation for Parkinson’s disease: a strategy 
whose time has passed. J Neurosurg 2021;135:1898-1902. 

171.	 Schweitzer JS, Herrington TM, Kim KS, Carter BS. Letter to the editor. 
Cell therapy for Parkinson’s disease. J Neurosurg 2022 Feb 4 [Epub]. 
Available from: https://doi.org/10.3171/2021.12.JNS212694. 

172.	 Alterman RL. Letter: stem cell transplantation for Parkinson disease: 
Déjà Vu all over again? Neurosurgery 2021;88:E216-E217.

https://doi.org/10.3171/2021.12.JNS212694

